Aims High temperatures over 32 -36 8C at anthesis induce spikelet sterility in rice. The use of a germplasm with an early-morning flowering (EMF) trait has been hypothesized as a way of avoiding this problem. In this study, the effect of the EMF trait on avoiding high temperature-induced sterility at anthesis by flowering at a cooler temperature in the early morning was evaluated. † Methods The EMF trait was introgressed from wild rice (Oryza officinalis) into the rice cultivar 'Koshihikari' (O. sativa). First, spikelets of the EMF line and Koshihikari were subjected to rising temperatures during the daytime in the greenhouse to test for differences in spikelet sterility. Secondly, spikelets of both plants were exposed to 26, 34 and 38 8C at anthesis and to 38 8C beginning at least 1 h after flowering, in the growth chambers at 70 % relative humidity, to test for differences in tolerance to high temperatures. † Key Results Spikelets of the EMF line started and completed flowering a few hours earlier than Koshihikari. In a greenhouse experiment, spikelets of Koshihikari opened after the air temperature reached 35 8C, but those of the EMF line could open at cooler temperatures. Under these conditions, spikelet sterility significantly increased in Koshihikari, but did not in the EMF line. The number of sterile spikelets increased as their flowering time was delayed in Koshihikari. Furthermore, the chamber experiments revealed that 60 % of the spikelets from both lines were sterile when exposed to 38 8C at anthesis, indicating that tolerance of high temperature was similar in both genotypes. † Conclusions Reduced sterility in the EMF line subjected to rising temperatures at anthesis in the greenhouse was attributed to an earlier flowering time compared with Koshihikari. The EMF trait of wild rice is effective in mitigating anticipated yield loss due to global warming by escaping high-temperature stress at anthesis during the daytime.
INTRODUCTION
High temperatures over 32-36 8C at anthesis cause spikelet sterility, leading to reductions in grain yield (Satake and Yoshida, 1978; Tashiro and Wardlaw, 1991; Kim et al., 1996; Matsui et al., 1997a) . High temperature-induced spikelet sterility has decreased rice yield in tropical Asia (Osada et al., 1973) and Africa (Matsushima et al., 1982) . Grain yield is predicted to decrease as temperatures increase due to greenhouse gas emissions (Baker et al., 1992; Horie 1993; Kim et al., 1996) . In Japan, maximum temperatures over 35 8C were frequently recorded in August 2007. Although, spikelet sterility was approx. 5 % under normal conditions, field surveys revealed that sterility increased up to 15 % when the heading stage of the rice plants coincided with such high-temperature days in 2007 (Hasegawa et al., 2009) .
The failure of anther dehiscence and the reduction in the number of germinating pollen grains on the stigma due to hightemperature stress leads to spikelet sterility (Satake and Yoshida 1978; Matsui et al., 2001a; Matsui and Omasa, 2002) . Differences in high-temperature tolerance have been observed between rice varieties (Satake and Yoshida, 1978; Matsui et al., 2001b; Jagadish et al., 2007) . In a temperature-controlled growth chamber experiment, even the spikelets of a heattolerant cultivar 'N22' became completely sterile at 41 8C at anthesis (Satake and Yoshida, 1978) . In the high temperaturetolerant japonica cultivar 'Akitakomachi', half of the spikelets became sterile at 40 8C at anthesis (Matsui et al., 2001b) . Moreover, exposure to high-temperature stress for 1 h at anthesis is sufficient to induce spikelet sterility (Jagadish et al., 2007) , but sterility does not occur when spikelets flower 1 h prior to the high-temperature treatment, suggesting that spikelets have a considerably high tolerance after the completion of fertilization (Satake and Yoshida, 1978) .
Within the genus Oryza, the time of day for flowering ranges widely from early morning to evening (Nishiyama and Blanco, 1980; Sheehy et al., 2005) . For example, flowering time for O. glaberrima is 3 h earlier than for IR36 (Nishiyama and Blanco, 1980) . Some species of wild rice that flower early in the morning (Watanabe, 1993) have been proposed to be suitable germplasm carrying the EMF trait. Sheehy et al. (2005) proposed, using a crop simulation model, that the EMF trait could be beneficial for reducing yield loss from the predicted rising temperatures. Practical experiments have not, however, been conducted with introgression of EMF trait into cultivated rice to prove that this trait is effective in avoiding high temperature-induced spikelet sterility at anthesis.
In cultivated rice, flowering time depends on the climatic conditions, but flowering predominantly occurs between 1000 and 1200 h (Nishiyama and Blanco, 1980) . To mitigate high temperature-induced spikelet sterility, two strategies have been proposed for rice breeding. One approach is to develop tolerant cultivars that can shed larger numbers of pollen grains or produce pollen capable of germinating on the stigma even under high temperatures. Another strategy is to confer an earlymorning flowering (EMF) trait to cultivated rice that ensures completion of fertilization before late morning or early noon high temperatures (Satake and Yoshida, 1978) . Considering that spikelet sterility is one factor for reducing rice productivity in paddy fields in high-temperature regions and that air temperature is expected to increase as a consequence of global warming (IPCC, 2007) , there will be greater possibilities for spikelets of present-day rice cultivars to encounter extremely high temperatures at anthesis.
In the present study, an introgression line expressing the EMF trait was obtained by interspecific hybridization between O. sativa (A genome) and wild rice, O. officinalis (C genome), which is known to flower early in the morning (Watanabe, 1993) . The aim of this study was to evaluate the efficiency of transferring the EMF trait from wild rice to avoid high temperature-induced spikelet sterility at anthesis by adjusting the flowering time to a cooler temperature in the early morning.
MATERIALS AND METHODS

Identification of an introgression line with the EMF trait
Interspecific hybrids between cultivated rices, O. sativa (A genome) and a wild rice, O. officinalis Wall ex Watt (C genome) [Norin 29 (4x)/O. officinalis//Koshihikari] were obtained by Masumizu et al. (2007) through embryo rescue based on the method of Multani et al. (1994) . The tetraploid of Oryza sativa [Norin 29 (4x)] was crossed with O. officinalis (IRGC Acc. 100947). Of 374 pollinated spikelets, three F 1 hybrid plants were obtained. The F 1 hybrids were then crossed with Oryza sativa 'Koshihikari'. F 2 , F 3 and F 4 progenies were self-pollinated. Of 398 plants in the F 5 population, 27 plants that started flowering by 0700 h were selected. In the F 6 generation, the EMF line (EMF 20) with the earliest flowering time was determined from plants grown in the paddy field at the National Institute of Crop Science, Tsukuba-Mirai, Ibaraki, Japan (36800 ′ N, 140810 ′ E). No segregation was observed in 22 plants of this EMF line in the F 6 generation. The approximate time of spikelet opening was investigated in the paddy field; the spikelets of Norin 29 and Koshihikari started opening at 0900 h, whereas those of O. officinalis and EMF line (F 7 ) opened at 0600 h and 0700 h, respectively.
The F 8 and F 9 generations of the EMF line were used for subsequent pot experiments at the National Institute of Crop Science, Tsukuba, Japan (36 802 ′ N, 140 810 ′ E) in 2008 and 2009, respectively. Seeds (100 g) were soaked in running water, and germinating seeds were sown in a nursery box (600 mm in length, 300 mm in width, 30 mm in depth) filled with 3 . 25 L of soil. Seedlings at the fourth or fifth leaf stage were transplanted into 0 . 02-m 2 pots. A basal dressing of of N (0 . 5 g), P 2 O 5 (2 . 3 g) and K 2 O (2 . 2 g) was applied per pot. Nitrogen (0 . 4 g per pot) was applied as a top dressing approx. 2 weeks before heading in 2009. Plants were grown out-of-doors until the flowering stage. Since the number of days from transplanting to heading is normally 10 d shorter in the EMF line than in Koshihikari, transplanting of Koshihikari was conducted several times at 5-d intervals, and panicles that had the same heading date as the EMF line were used.
Panicle structure observations
Panicles (16 panicles from five plants for Koshihikari and 22 panicles from five plants for the EMF line) that emerged from flag leaf on 31 July were analysed. The number of spikelets, rachis branches and sterile spikelets were manually counted for each first and second rachis branch in a panicle at maturity in 2009. Empty spikelets were regarded as sterile in this study.
Spikelet flowering pattern and the greenhouse experiments
At heading, plants were transferred to a naturally illuminated glasshouse with a clear skylight to avoid cleistogamy, which makes it difficult to monitor flowering time. The sides of the glasshouse were made of wire netting or clear-paned windows, providing the control and greenhouse conditions, respectively. Spikelets on the primary rachis branches that flowered on 31 July in 2009 were used. The lemmas of opened spikelets were marked with different colours using fine-tipped pens (0 . 5 mm diameter, Zebra Co. Ltd, Tokyo, Japan) every hour from 0600 h to 1600 h. Care was taken to minimize the effect of marking on fertility and flowering pattern. Five plants of Koshihikari produced 149 spikelets from nine panicles, and the five plants of the EMF line produced 141 spikelets from 11 panicles under control conditions. Under greenhouse conditions, five plants of Koshihikari produced 262 spikelets from 13 panicles, and the four plants of the EMF line produced 169 spikelets from 11 panicles.
The diurnal changes in air temperature in the greenhouse were as given in the report of Nishiyama and Blanco (1980) . In this study, high temperature-induced spikelet sterility was reported in the tropical paddy fields in Punjab, India where air temperature increased by 2 -4 8C every hour, exceeding 35 8C around 1000 h and 40 8C around noon. If the monitored temperature was lower than the targeted temperature, electric heating was used to increase the temperature. In contrast, if the monitored temperature approached the targeted temperature, the temperature was reduced by opening the skylight and the side windows. Thus, the temperature in the greenhouse was manually and gradually increased. The temperature treatment in the greenhouse was conducted for a single day, and then plants were returned to the control conditions. Air temperature and the relative humidity in the control and greenhouse were monitored every hour (SK-L200TH II, Sato Keiryoki Mfg., Tokyo, Japan). Spikelets used for measuring flowering pattern were also used for the manual measurement of sterility at maturity.
Temperature-controlled growth chamber experiments
Tolerance of spikelet sterility to temperatures was investigated in naturally illuminated temperature-and humiditycontrolled growth chambers in 2008. Spikelets that flowered the first or second day after heading were exposed to temperatures set at 26 8C (control) or 34 8C (moderately-high temperature) or 38 8C (high temperature) and 70 % relative humidity at anthesis or beginning at least 1 h after flowering. Duration of the temperature treatment was 4 h. The lemma of opened spikelets was marked using fine-tipped pens (0 . 5 mm diameter, Zebra Co. Ltd). After the temperature treatment, plants were returned to the growth chamber set at a day/night temperature of 26/20 8C (13/11 h), respectively. For each temperature regime, panicles from three to five plants were used. During the temperature treatment, Koshihikari (three plants) produced 154 spikelets from six panicles, and the EMF line (three plants) produced 181 spikelets from nine panicles at 26 8C at anthesis. At 34 8C at anthesis, Koshihikari (four plants) produced 255 spikelets from 12 panicles, and the EMF line (four plants) produced 232 spikelets from 12 panicles. At 38 8C at anthesis, Koshihikari (four plants) produced 280 spikelets from 15 panicles, and the EMF line (four plants) produced 117 spikelets from 16 panicles. In the 38 8C treatment beginning at least 1 h after flowering, Koshihikari (five plants) produced 228 spikelets from 18 panicles, and the EMF line (four plants) produced 133 spikelets from 12 panicles.
Statistical analysis
Differences among the means for the greenhouse and growth-chamber experiments were analysed using Tukey's test and Student's t-test (SPSS statistical software ver. 13 . 0; SPSS Inc., Chicago, IL, USA).
RESULTS AND DISCUSSION
High temperature-induced spikelet sterility at anthesis is a major problem that needs to be overcome to increase rice yield potential in tropical areas (Osada et al., 1973; Nishiyama and Blanco, 1980; Matsushima et al., 1982) . Although two strategies, tolerance to and escape from hightemperature stress, have been proposed to overcome this problem, little is known about whether the EMF trait could be one of the approaches to mitigate spikelet sterility by escaping high temperatures during daytime. An attempt was made to demonstrate the success of this strategy by using an introgression line with the EMF trait transferred from wild rice (O. officinalis).
Differences in panicle structure between Koshihikari and the EMF line
First of all, differences in panicle structure (number of spikelets, number of rachis branches) and the percentage of sterile spikelets were compared between the EMF line and Koshihikari. The number of primary rachis branches was similar between the EMF line and Koshihikari (Table 1) ; however, the EMF line had a significantly larger number of spikelets, most notably more than double the number of secondary rachis branches ( Table 1 ). The percentages of sterile spikelets were markedly different between primary and secondary rachis branches (Fig. 1) . Although the EMF line had similar percentages of sterility (approx. 5 %) compared with Koshihikari in the primary rachis branches, the percentage was significantly higher in the secondary rachis branches, leading to the higher percentage of sterile spikelets in the entire panicle (Fig. 1) . A similar result was also obtained in 2008 (see Fig. S1 in Supplementary Data, available online), indicating that sterility of the spikelets on primary rachis branches in the EMF line was low and comparable to Koshihikari. From these results, the following experiments were conducted using only spikelets on the primary rachis branches of both lines to eliminate the large differences in number of sterile spikelets on the secondary rachis branches between the EMF line and Koshihikari.
Differences in flowering time and spikelets sterility in the greenhouse experiment
To evaluate the differences in the number of sterile spikelets between Koshihikari and the EMF line, spikelets were exposed to rising temperatures during the daytime in the greenhouse at anthesis. Table 2 shows the diurnal change in air temperature and relative humidity under control and greenhouse conditions, respectively. In the greenhouse, air temperature steadily increased by 2 -4 8C every hour from 0600 to 1100. Air temperature reached approx. 35 8C by 1000 -1100 h and was stable at a high level of about 39 8C in the afternoons. Relative humidity decreased from 80 % after 0600 h and was stable at approx. 40 % in the afternoon. Differences in air temperature and relative humidity between the control and greenhouse conditions became greater closer to 1200 h. Under these , non-significant at the 5 % level. Mean + s.e.
conditions, over 90 % of the spikelets opened between 0700 and 1100 h under control conditions and between 0700 and 1000 h under greenhouse conditions in the EMF line, whereas Koshihikari spikelets opened 1100 -1400 h under control conditions and 1000 -1300 h under greenhouse conditions (Fig. 2) . The opening of spikelets started a few hours earlier in the EMF line, and the flowering of the EMF line was almost completed when Koshihikari flowering started. In addition, the pattern of flowering time shifted 1 h earlier in the greenhouse compared with the control for both lines. This result was consistent with the results of Jagadish et al. (2008) , who reported flowering time was accelerated in an indica cultivar under high-temperature conditions.
Hourly changes in numbers of sterile spikelets in the EMF line and Koshihikari during flowering are shown in Fig. 3 . The percentages of sterile spikelets were calculated for the hour when spikelets opened actively in Fig. 2 . Under control conditions, the percentage of sterile spikelets was within 10 % in each hour for both lines. The total percentage of sterile spikelets in a single day was approx. 3 . 0 % for both lines. Under greenhouse conditions, the percentage of sterile spikelets was 1 . 3, 5 . 3 and 14 . 3 % at 0700 -0800, 0800 -0900 and 0900 -1000 h, respectively, in the EMF line (Fig. 3) . In Koshihikari, the percentage of sterile spikelets increased significantly at 8 . 5, 23 . 4 and 49 . 6 % at 1000 -1100, 1100 -1200 and 1200 -1300, respectively (Fig. 3) . The total percentage of sterile spikelets in a single day was 7 . 4 % in the EMF line and 23 . 8 % in Koshihikari under greenhouse conditions. Even when the air temperature in the greenhouse reached 35 8C at 0900 h in an independent experiment, a similar trend was observed (see Fig. S2 and Table S1 in Supplementary Data, available online). In Koshihikari, the occurrence of sterile spikelets definitely increased when air temperature in the greenhouse exceeded 35 8C at anthesis in Koshihikari. Thus, it was clearly demonstrated that spikelet sterility increased significantly in Koshihikari, but not in the EMF line in the greenhouse experiment (Figs 3 and S2) . Moreover, Koshihikari spikelets that flowered at a later hour tended to be sterile even those in the same panicle (Fig. 3) .
In addition to high temperatures, relative humidity and vapour-pressure deficit (VPD) affects fertility (Matsui et al., 1997b (Matsui et al., , 2007 Nishiyama 1981; Weerakoon et al., 2008) . In the greenhouse, air temperature increased but relative humidity decreased rapidly as the time approached noon (Tables 2 and   Entire Primary Secondary S1), indicating a lower relative humidity and higher VPD during the flowering time for Koshihikari. Even under hightemperature conditions, spikelet sterility decreases when relative humidity is low, because large numbers of pollen grains can be present on the stigma after a sound anther dehiscence (Matsui et al., 1997b; Weerakoon et al., 2008) . Higher VPD in the daytime increases the transpiration of panicles at the flowering stage, resulting in a lowering of the panicle temperature (Nishiyama 1981; Matsui et al., 2007) . Lower humidity and higher VPD conditions might be favourable for fertilization in Koshihikari, but the significant increase in spikelet sterility observed in Koshihikari in the greenhouse experiment was more likely due to the negative effect of high-temperature stress at anthesis.
Tolerance of sterility to high-temperature stress between Koshihikari and the EMF line
It was shown that sterility did not increase in the EMF line in the greenhouse experiment but whether this result was due to the earlier flowering time and/or higher tolerance to hightemperature stress still remains elusive. To compare the differences in tolerance between Koshihikari and the EMF line, spikelets of both lines were exposed to 26 8C, 34 8C, 38 8C (70 % relative humidity) at anthesis in growth chambers. Taking into consideration the differences in flowering time between Koshihikari and the EMF line (Fig. 2) , the timing of the temperature treatment was determined as shown Table 3 . Almost all spikelets were fertile at 26 8C and 34 8C, whereas 60 % of the spikelets were sterile when they were exposed to 38 8C at anthesis in both lines (Fig. 4) . These Hourly changes in percentages of sterile spikelets in a single day. The spikelets used in this experiment were the same as for Fig. 2 . The values were calculated for the hour when the percentage of opened spikelets was .10 % in a single day: 1100-1400 h and 1000-1300 h for Koshihikari under control and greenhouse conditions, 0700-1100 h and 0700-1000 h for the EMF line under control and greenhouse conditions, respectively. The difference of mean values in a single day was analysed by Tukey's test. Bars indicate the s.e. Different letters above the bars indicate the significant difference at the 1 % level. The experiment was repeated on another day with a similar result. results indicated that tolerance to high-temperature stress was similar between Koshihikari and the EMF line. It was further confirmed that spikelet sterility did not increase when spikelets were exposed to 38 8C beginning at least 1 h after flowering (Fig. 4) . This result strongly indicated that sterility rarely occurred when the temperature treatment was applied to spikelets 1 h after flowering in accordance with the report by Satake and Yoshida (1978) . Hence, the EMF line mitigated high temperature-induced spikelet sterility at anthesis by adjusting its flowering time to the early morning when cooler temperatures predominate, and not by exhibiting a higher tolerance to high temperature compared with Koshihikari.
Conclusions
The present study clearly validated the hypothesis that the EMF trait, which was introgressed from O. officinalis into O. sativa, could mitigate high temperature-induced spikelet sterility by flowering in the early morning when cooler temperatures exist. The use of germplasm with the EMF trait could help to reduce the anticipated yield losses caused by spikelet sterility at anthesis as a result of expected global warming. Finding quantitative trait loci for EMF and breeding of a near isogenic line of Koshihikari with the EMF trait are ongoing projects. It should be noted, however, that other weather factors are also related to the occurrence of spikelet sterility. Wind velocity negatively reduces rice yields by increasing spikelet sterility (Tsuboi and Hitaka 1959; Matsui et al., 1997b) . Elevated CO 2 concentrations lower the temperature threshold that induces spikelet sterility (Kim et al., 1996; Matsui et al., 1997a) . Hereafter, these factors must also be considered in order to validate the practical importance of the EMF trait for rice cultivation.
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